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In a coupled ferroelectric/ferromagnetic system, i.e. a composite multiferroic, the propagation
of magnetic or ferroelectric excitations across the whole structure is a key issue for applications.
Of a special interest is the dynamics of localized magnetic or ferroelectric modes (LM) across the
ferroelectric-ferromagnetic interface, particularly when the LM’s carrier frequency is in the band
of the ferroelectric and in the band gap of the ferromagnet. For a proper choice of the system’s
parameters, we find that there is a threshold amplitude above which the interface becomes trans-
parent and a band gap ferroelectric LM penetrates the ferromagnetic array. Below that threshold,
the LM is fully reflected. Slightly below this transmission threshold, the addition of noise may lead
to energy transmission, provided that the noise level is not too low nor too high, an effect that
resembles stochastic resonance. These findings represent an important step towards the application
of ferroelectric and/or ferromagnetic LM-based logic.
PACS numbers: 85.80.Jm, 75.78.-n, 77.80.Fm
Introduction.- Multiferroics (MF) possess coupled fer-
roic (magnetic, electric, or elastic) ordering [1–3]. The
current high interest in MF is fueled by the impres-
sive advances in synthesizing composite ferroelectric
(FE)/ferromagnetic (FM) nano and multi layer struc-
tures. These show a substantially larger multiferroic
coupling strength [1–5] as compared to bulk matter, so-
called single-phase multiferroics [1, 6] such as Cr2O3[7].
MFs are important for addressing fundamental questions
regarding the connection between electronic correla-
tion, symmetry, magnetism, and polarization. They also
hold the promise for qualitatively new device concepts
based on exploiting the magnetoelectric (ME) coupling to
steer magnetism (ferroelectricity) via electric (magnetic)
fields. Potential applications are wide and range from
sensorics and magnetoelectric spintronics to environmen-
tally friendly devices with ultra low heat dissipation [8–
10]. Thereby, a key issue is how efficiently magnetic
or ferroelectric information, i.e. an initial excitation, is
transmitted in a system with a MF coupling. For in-
stance, in a two-phase or composite MF [1, 6, 11] such as
BaTiO3/CoFe2O4 [12], PbZr1−xTixO3/ferrites [13, 14],
BaTiO3/Fe [15], PbTiO3/Fe [16, 17] or BaTiO3/Ni
the MF coupling is strongest at the FE/FM interface,
whereas away from it the FE or FM order is only
marginally affected. Thus, we expect that a ferroelectric
signal triggered by an electric field in the FE part may
or may not be converted into a magnetic signal depend-
ing on the dynamics taking place at the interface. How
this transport of information depends on the properties
of the system is rarely studied and will be addressed in
this Letter. The outcome of such a study would not only
uncover the conditions for optimal signal handling but
also holds the potential for new insights into the multi-
ferroic coupling retrieved by tracing the signal dynamics.
We will focus on weakly nonlinear localized modes (LM)
which are formed by a modulation of linear excitations
of the ferroelectric and the ferromagnetic systems. Such
nonlinear modes have in isolated FM or FE phases a se-
ries of applications in magnetic logic, microwave signal
processing, and spin electronic devices. A clear advan-
tage is that LMs of a large number of elementary excita-
tions are very robust and have a particle-like nature [18].
In that sense, LMs are very similar to their topological
counterparts (magnetic solitons) that have been consid-
ered for logic operations [19–21]. Multiferroics offer new
fascinating mechanisms for LM dynamics [23]. For ex-
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FIG. 1. (color online) Schematics of a chain consisting of a
ferroelectric and a ferromagnetic part coupled at the inter-
face. The lower panel shows a particular choice of frequency
for which a conventional localized mode is formed in the ferro-
electric. In the ferromagnetic part a bandgap localized exci-
tation develops with a nonlinear frequency shift proportional
to B2 (B is the amplitude of a magnetic band-gap localized
mode). The chosen mutual alignment of the ferroelectric po-
larization and the magnetization at the interface resembles
the realized ferroelectric (BaTiO3) tunnel junction with fer-
romagnetic (Fe) electrodes [22].
2ample, due to discreteness and/or nonlinearity of the sys-
tem, it may happen that the large-amplitude excitation
frequency falls within the gap of the linear oscillations
spectrum, as illustrated in Fig.1. Then, the energy of
the excitation would not spread over the lattice. As well-
established in studies on intrinsic LMs, e.g. [24–31], we
know that, in spite of the localized energy profile, such
modes may move along the whole chain. This means that
excitations created in the ferroelectric part via an electric
field can be transmitted to the magnetic part and move
there. Moreover, as it will be shown below, the creation
of these band-gap LMs can be enhanced by noise, man-
ifesting thus some analogy with the stochastic resonance
phenomenon [32, 33].
Model.- For our purposes, a large ME coupling is nec-
essary. In this respect, new fabrication methods [14]
for the so-called two-phase or composite multiferroics
[1, 6, 11], as well as the realization of ferroelectric wires,
[34] are encouraging. Examples of composite multifer-
roics BaTiO3/CoFe2O4 [12] or PbZr1−xTixO3/ferrites
[14] are still popular. Major research is focused on
BaTiO3/Fe [15], PbTiO3/Fe [16, 17] or BaTiO3/Ni com-
posite multiferroics, to name but a few, since their bulk
parameters are very well known (Ref. [35] for BaTiO3
and Ref. [36] for Fe or Ni) as well as the misfit of the
lattices is relatively low [16]. Relatively high ME con-
stants [16, 17] were predicted for these materials at room
temperatures. A possible mechanism for ME coupling at
the FE/FM interface is based on screening effects [37].
We assume here the presence of a similar mechanism
based microscopically on the rearrangement of charges
and spins at the FM/FE interface, as confirmed by other
studies [5, 15]. The spin-polarized charge density formed
in the FM in the vicinity of the FM/FE interface [37]
acts with a torque on the magnetic moments in the FM,
resulting in a non-collinear magnetic ordering (similar as
in [38]). Hence, electric polarization emerges that couples
the FM to the FE part. This picture yields a linear ME
coupling with a pseudoscalar coupling constant . Tech-
nically, we describe the bulk unstrained BaTiO3 by the
Ginzburg-Landau-Devonshire (GLD) potential [35]. For
the discretized FE polarization (Pn) in a coarse-grained
approach, the form of the GLD potential for a general
phase and arbitrary temperatures is quite involved [39].
However, at room temperature the BaTiO3-crystal has
an axis along which the polarization switches (tetragonal
phase). Consequently, the form of the GLD potential re-
duces to the one dimensional biquadratic potential. For
the description of the magnetization (Sk) dynamics in
the FM, we employ the classical Heisenberg model. Sk is
discretized and normalized to the saturation value of the
coarse-grained magnetization vector. With the aim of
exploring the feasibility of conversion of the electric exci-
tation formed in FE part of the sample into a localized
spin magnetic excitation in FM part, we thus employ
the multiferroic model (cf. Fig. 1)
H = HP +HS + V SP, (1)
HP =
N∑
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(
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1 ,
where HP is the Hamiltonian of the FE part of the
multiferroic system, describing N -interacting FE dipoles
[30, 39] (Pn and dPn/dt are conjugated variables).
Pn and ~Sk stand respectively for the deviations from
the equilibrium positions of the n-th dipole and the k-
th spin vector. At room temperature, we can choose
the polarization vector to be directed along the x axis
~Pn = (Pn, 0, 0) , n = 1, . . . , N . α0 is a kinetic coefficient,
α1,2 are potential constants and κ is the nearest neigh-
bor coupling constant. HS describes the ferromagnetic
chain [40], where J1 is the nearest neighbor exchange cou-
pling in the FM part and J2 is the uniaxial anisotropy
constant. Interface effects between the spin and the FE
dipole systems are described by the dipole-spin interac-
tion Hamiltonian V SP.
In our numerical simulations we operate with dimen-
sionless quantities upon introducing pn = Pn/P0, ~sk =
~Sk/S and defining a dimensionless time as t → ω0t
(ω0 =
√
κ/α0 ∼ 10
12 Hz). The equations governing the
time evolution of the dipoles and the spins (except for
the sites near the interface) read
d2pn
dt2
= −αpn − βp
3
n + (pn−1 − 2pn + pn+1) (2)
∂s
±
k
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= ±iJ
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z
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)
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±
k+1
)]
±
± 2iDs±k s
z
k (3)
where n 6= N and k 6= N+1. We have introduced the fol-
lowing dimensionless constants α = α1/κ, β = α2P
2
0 /κ,
J = J1S/ω0 and D = J2S/ω0. For the dipole pN and the
spin ~s1 at the interface the following equations hold
d2pN
dt2
= −αpN − βp
3
N + (pN−1 − 2pN + gss
x
1) , (4)
∂s
±
1
∂t
= ±iJ
[
s±1 s
z
2 − s
z
1s
±
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± i
[
2Ds±1 s
z
1 − gppNs
z
1
]
.
Here s±k ≡ s
x
k ± is
y
k, gs = gS/(κP0) and gp = gP0/(Sω0).
The evolution according to Eqs. (2-4) proceeds under the
constraint (sxk)
2
+(syk)
2
+(szk)
2
= 1. For the derivation of
the weakly nonlinear envelope solutions from eqs. (2) and
(3) one can rely on the reductive perturbation theory
developed in Ref. [41, 42]. One obtains the solutions
for the dipoles and the spins separately in the following
form (a detailed derivation is provided as supplementary
material to this paper):
pn =
A cos [ωpt− qpn+ δωpt]
cosh [(n− Vpt)/Λp]
s±k =
Be±i(ωst−qsk+δωst)
cosh [(k − Vst)/Λs]
(5)
3where A and B are the amplitudes of the dipolar and the
magnetic localized excitations, respectively; ωp and ωs
are the frequencies of the linear excitations which obey
the following dispersion relations
ωp =
√
α+ 2 (1− cos qp), ωs = 2 [D + J(1− cos qs)] ,
(6)
qp and qs are the carrier wave numbers of the dipolar and
the spin excitations; Vp = sin qp/ωp and Vs = 2J sin qs
are the group velocities of the corresponding LMs. The
width of the dipolar and spin LMs are
Λp =
1
A
√
2
(
ω4p − α
2 − 4α
)
3ω2pβ
, Λs =
1
B
√
4J cos qs
ωs
. (7)
The nonlinear frequency shifts are defined as
δωp = A
2 3β
16ωp
, δωs = −B
2ωs
4
. (8)
Note that, for wave packet transmission, the following
matching condition between the frequencies has to be
fulfilled [? ]
ωp + δωp = ωs + δωs. (9)
For an efficient transmission of the LM from the FE
into the FM part, the widths of the LM should be the
same in both parts, i.e. Λp = Λs with the restriction
B ≤ gpA. If one excites the LM with a carrier fre-
quency ω which is located within the band of both the
dipolar and the spin wave spectrum, then the localiza-
tion will safely penetrate from the FE to the FM part,
but some portion of the energy will be reflected by the
interface. By changing the amplitude of the LM, one
can manipulate the ratio between the transmitted and
reflected parts of the LM. In addition, the transmission
is very sensitive to the coupling constant g between the
FE and the FM parts. We have investigated this de-
pendence by varying only the coupling constant gs and
fixing the values of the dimensionless parameters as fol-
lows: α = 0.2, β = 0.1, J = 1, D = 0.6. We assume
for simplicity gp = gs (in general these constants differ,
depending on the material of the samples, but this is not
an obstacle for the theory).
Numerical Results.- Realistic material parameters are
tabulated in full detail in the supplementary material
section. There, we provide explicitly the relation to the
normalized units which we use below. The essential pa-
rameters entering eq. (1) are: the FE potential coeffi-
cients α1/(a
3
FE) = 2.77 ·10
7 [Vm/C], α2/(a
3
FE) = 1.7 ·10
8
[Vm5/C3], the FE coupling coefficient κ/(a3FE) = 1.3 ·10
8
[Vm/C], the equilibrium polarization P0 = 0.265 [C/m
2]
and the coarse-grained FE cell size aFE = 1 [nm]. The
FM exchange interaction strength is J1 = 3.15 ·10
−20 [J],
the FM anisotropy constant is J2 = 6.75 · 10
−21 [J], and
the ME coupling strength is g ≈ 10−21 [Vm2]. Fig. 2
FIG. 2. (color online) Insets a), b) and c) show the time and
site dependence of the local energy. For dipoles this energy is
given by the local values of HP, and for the spins by the local
values of gp is a coupling constant indicating the strength of
the ME interface interaction. The graphs point out the LM
reflection and transmission at the FE/FM interface (white
dashed line). The dipolar localization carrier wave number is
chosen as qp = 0.4pi and the dipolar localization amplitude is
chosen as A = 0.2. Dipoles and spins (separated by the white
dashed line) occupy the sites n = 1 . . . 150 and k = 151 . . . 300,
respectively. d) Dependence of the relative energy transferred
to the FM part (i.e. ratio of the energy in the FM part to the
total injected energy) on the coupling constant strength gp.
a), b), c) show the localized energy evolution along the
lattice for different values of the coupling constant gp. In
graph d) the dependence of the transmitted energy on
the coupling constant is displayed, pointing out that the
transmission is maximal when gp is in between the spin
and the dipolar coupling constants (in reduced units it is
equal to 1). Spins alignments, the topology of the excita-
tion, and its propagation in the chain at different times
are displayed in the supplementary material. Further in-
teresting effects arise when a band localized excitation
forms with a carrier frequency ω in the band of the dipo-
lar spectrum (see bottom panel of Fig. 1) and slightly
below the zone boundary ωs(qs = 0) of the spin wave
spectrum. Then, for small amplitudes, the dipolar LM
is totally reflected by the interface because it does not
resonate with any mode in the spin array. However, with
increasing the amplitude, there is a threshold value Acr
(due to the nonlinear frequency shift) above which the
LM is transmitted towards the FM part of the multifer-
roic chain, forming thus a magnetic band-gap localiza-
tion. Using Eqs. (8) and (9) and assuming B = A, one
can infer the relation defining this threshold amplitude
4FIG. 3. (color online) This figure illustrates the dependence
on the amplitude A of the LM reflection and transmission at
the FE/FM interface. To this end we plot for different values
of A the same quantity and choose the same parameters as
in graphs a)-c) of Fig. 2 with gp = gs = 1. The scale is as in
Fig. 2.
to be
ωs(qs = 0)− ω =
(
g2pω
4
+
3β
16ω
)
A2cr. (10)
Based on this observation, we proceed with the simu-
lations according to Eqs. (2)-(4) with the set of param-
eters given above. We choose gp = gs = 1 and start
at t = 0 with a LM in the form of the first expression
in Eq. (5) with a carrier wave number qp = 0.37. For
such a wave number the corresponding linear frequency
is ω = 1.1856. This frequency is located in the band
gap of the spin wave spectrum and no localization trans-
mission occurs in the case of small amplitudes, as it is
seen from graph a) of Fig. 3. According to relation (10)
we can calculate the threshold amplitude for which lo-
calization transmission emerges and find Acr = 0.22. In
the numerical results, transmission occurs for the inci-
dent LM amplitudes A > 0.27. This discrepancy can be
explained by the fact that localization amplitudes in dif-
ferent parts of the multiferroic structure do not exactly
coincide. In panel b) of Fig. 3 we display the dynamics
FIG. 4. (color online) Influence of noise on the LM reflection
and transmission at the FE/FM interface illustrated by re-
alizing similar simulations as in Fig. 3 but for A = 0.265 and
including different noise levels as indicated on the graphs.
Scale as in Fig.2.
for a larger LM amplitude, i.e. A = 0.33, and find that
localized excitations are formed in the ferromagnetic part
as well. By further increasing the LM amplitude, the
transmitted localization takes over almost all the energy
of the incident one (graph c) of the same figure). If the
amplitude of the incident LM is slightly below threshold
(here A = 0.265), even a small perturbation may cause
a transmission to the FM part. Thus, we add a term
~f(t)~S1 to the Hamiltonian (2) describing the action of
a random magnetic field at the interface spins. f(t) is
uncorrelated in time and randomly distributed in the in-
terval [−f, f ]. For small random fields, f = 0.05, the
picture is almost the same as for zero noise (cf. upper
graphs of Figs. 3 and 4). Increasing the noise strength to
a moderate level, energy transmission in FM part takes
place (see graph b) of Fig. 4). This stochastic resonance
like behavior is displayed in graph c) of Fig. 4.
Summary.- As shown by analytical and numerical re-
sults, in a two-phase multiferroic the magnetoelectric
coupling at the interface determines the conversion of
an initial ferroelectric LM into a ferromagnetic signal,
paving thus the way for FE and/or FM LM-based logic
5in multiferroics. As an essential step in this direction, we
have identified the conditions under which a FE signal is
converted into a FM one.
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